Frankia sp., the actinomycetous endophyte in nitrogen-fixing actiorhizal nodules, may differentiate two forms from its hyphae: vesiles and sporangia. In root nodules of Comptoeiaperegiaa(L.) Coult. and Myria gak L., sporangia may be either absent or present. Nitrogenase activity and symbiotic efficiency were contrasted in spore(+) and spore(-) nodules of these two host genera. Seedlings of C. peregriea noduated with the spore(+) inoculum showed only 60% of the nitrogenase activity and 50% of the net size of their spore(-) counterparts after 12 weeks of culture. Measurements of acetylene reduction (i.e., nitrogenase activity) were coordinated with samplings of nodules for structural studies. Significant differences in acetylene reduction rates were discernible between spore(+) and spore(-) nodules commencing 4 weeks after nodulation, concomitant with the maturation of sporangia in the nodule. Spore(+) nodules ultimately reached less than half of the rate of nitrogenase activity of spore(-) nodules. Both types of nodules evolved only small amounts of molecular hydrogen, suggesting that both were equally efficient in recycling electrons lost to the reduction of hydrogen ions by nitrogenase.
Members ofthe genus Frankia, a soil-inhabiting actinomycete, infect roots of some woody dicotyledonous plants and induce nodules. The root nodules are specialized symbiotic organs which fix N2 (elemental nitrogen). Frankia develops within the nodule and in culture as a filamentous bacterium which differentiates two morphologically distinct forms from its hyphae: swollen, terminal vesicles and multicellular sporangia. In almost all available strains of the cultured endophyte, both sporangia and vesicles form under some cultural conditions.
In the nodule, however, sporangia are frequently absent. The occurrence of sporangia within the nodule has been studied most carefully in Alnus spp. (5, 6, 17, 18) , where the expression of sporangial formation is thought to be determined by the endophytic strain. Van spore(-) for nodules containing sporulating and nonsporulating endophytes, respectively.
The vesicle has been identified as the putative site for nitrogenase activity in the endophyte, both in the nodule (11) and in culture (20, 21) . The effects ofsporangial development on nodule function are not known. Studies performed with seedlings of Alnus spp. (8, 14) indicated that sporangial formation in the nodule adversely affected productivity ofthe host plant, as measured by shoot height, total biomass and nitrogen content. Little is known about what factors might be responsible for this lowered productivity.
In this study, an investigation of sporangial formation in nodules ofthe host family Myricaceae was made. We have tested the hypothesis that the differentiation of sporangia within nodules limits productivity of the symbiosis and deceases the amount of nitrogen fixed. Concurrent structural observations of sporangial development were correlated with the specific activity ofnitrogen fixation in Comptoniaperegrina nodules. In addition, the RE3 of nitrogenase activity and respiratory cost for fixation were determined for the two nodule types. Gas Exchange Assays. Nitrogenase activity of nodules was measured using gas chromatographic assays of acetylene reduction (4). Nodules were excised from the host plant and the nodule roots removed. The nodules were then placed in assay vials which were capped with serum stoppers. A piece of moist filter paper was placed in each vial to prevent dehydration of the nodules. The nodules were incubated in an atmosphere of 10% acetylene (v/v; generated from CaC2) for 1 h at 24C. Nodules were observed to maintain a linear rate of acetylene reduction for longer than 90 min after excision and nodule-specific activity was not affected by the removal of nodule roots, in agreement with published observations (19, 22) .
MATERIAILS AND METHODS
Gas samples were withdrawn from the incubation vials with l-ml syringes and injected into a Carle model 9500 gas chromatograph equipped with a flame ionization detector. Ethylene was resolved on a 1.22-m Porapak R (80-200 mesh) and N (50-80 mesh) column, maintained at 80°C. Vials incubated without nodules served as controls for background ethylene.
Measurements ofrespiration as CO2 evolution were withdrawn simultaneously at the end of the assay period. These samples were analyzed on a Carle model 8700 gas chromatograph equipped with a thermal conductivity detector. The CO2 was resolved on a 0.9 1-m Porapak column as described above. Column temperature was maintained at 80C. The carrier gas was helium.
Hydrogen evolution was also measured with the thermal conductivity gas chromatograph, using argon as a carrier gas. Hydrogen was measured on a 1.83-m molecular sieve (MS 5A, 40-60 mesh) column. To determine RE of nitrogenase activity, excised nodules were first incubated in air to observe hydrogen evolution and subsequently incubated in an atmosphere of 10% acetylene in air for measurement of acetylene reduction, following the procedures of Schubert and Evans (15) . Assays for whole plant acetylene reduction rates were carried out in 4.5-1 plastic tubs in a controlled environment chamber, maintained at 24°C. The plants, remaining in their pots, were removed from the greenhouse at noon and allowed to come to temperature equilibrium in the chamber for 1 h. The plants were then incubated in an atmosphere of 10% acetylene in air for 1 h. Gas samples were assayed as described above. Following the assay, the plants were returned to the greenhouse.
Microscopic Observations. Methods for structural observation of nodules are detailed in VandenBosch and Torrey (25) .
RESULTS
Comptonia peregrina seedlings in water culture, inoculated with either Frankia sp. CpIl or crushed C. peregrina spore(+) nodules, all developed nodules within 2 weeks of inoculation. A summary of the structural observations and the results of assays ofnitrogenase activity as acetylene reduction are shown in Figure   1 . Nitrogenase activity commenced about 1 week after nodulation (3 weeks after inoculation), at about the same time that vesicles appeared in the nodule. Young sporangia first appeared in spore(+) nodules Rates of nitrogenase activity in the two nodule types were compared using analysis of variance. The results of the analysis are presented in Table I . Significant differences in rates were found between the two nodule types and among the assay dates. A significant interaction was also found to occur between nodule type and assay date. Single degree of freedom comparisons were made between the nodule types for each of the three assay dates. At 4 weeks after inoculation, before mature sporangia had developed in the young spore(+) nodules, no significant difference in acetylene reduction rates was discernible. By 6 weeks, when mature sporangia had differentiated in spore(+) nodules, the difference in rates between the two nodule types was significant. This difference increased, both in magitude and in significance, at 8 weeks after inoculation.
Comptonia peregrina seedlings inoculated with crushed C. Table II show that the two inocula produced similar numbers and weights of nodules on the host seedlings. Despite similarities in nodulation, the two symbiotic combinations differed significantly in productivity (growth) and effectivity (nitrogenase activity). Seedlings nodulated with the spore(+) inoculum developed only half of the total plant fresh weight and two-thirds of the shoot height of their spore(-) counterparts. Shoot height and total plant fresh weight of spore(+)-nodulated seedling could not be distinguished statistically from that of the controls. Acetylene reduction of the potted, inoculated seedlings was assayed on three dates and these data were pooled to yield the treatment means expressed in Table II . Spore(+)-nodulated seedlings showed only about 60% of the acetylene reduction capacity of the spore(-)-nodulated seedlings.
The ratio of nodule respiration to acetylene reduction, a measure of energy cost of nitrogenase activity (22) , was calculated for excised C. peregrina nodules from sand culture. This parameter also includes cost of nodule maintenance and growth. Measure- Table I . ments made on two dates, 6 and 12 weeks after inoculation (Table III) . As in the water culture experiment, nitrogenase activity of the nodules which lacked spores exceeded that of spore-producing nodules. Respiration of the two nodule types was similar. The ratio of these two nodular functions, CO2 evolution/ethylene evolution, was therefore greater for spore(+) nodules than for spore(-) nodules, though this difference was significant only at the second assay date.
Measurements of H2 evolution and acetylene reduction were used to calculate the RE of nitrogenase, following the equation of Schubert and Evans (15): RE = 1 -rate of H2 evolution in air rate of acetylene reduction RE reflects both the efficiency of electron allocation to nitrogen via nitrogenase and the presence/activity of an uptake hydrogenase. REs of the two nodule types, assayed 11 weeks after inoculation, are compared in Table IV by isolates R82 and CpIl also had low rates. MgPlOi produced nodules with a higher specific activity, similar to the spore(-) nodules produced by inoculation of C. peregrina with CpI 1. Despite dissimilarities in rates of acetylene reduction, the energy cost for nitrogen fixation was similar for all the spore(-) nodules. This value (4.7-7.6) was similar to that observed for spore(-) C. peregrina nodules (6.2). Nodule energy costs were consistently greater for spore(+) M. gale nodules, as was observed for C. peregrina.
DISCUSSION
After Frankia sp. successfully nodulates an actinorhizal host, many developmental steps must yet occur in order to attain full symbiotic effectivity. Number of nodules alone is a poor predictor of symbiotic success of particular host/endophyte combinations. Cross-inoculation surveys performed with Frankia isolates (7, 14) similarly found spore(+) nodules to confer less benefit upon the host plant. Both studies observed that, although the spore(+) inoculum produced abundant nodulation, height growth and whole plant dry weight of A. glutinosa seedlings were substantially less than A. glutinosa seedlings nodulated with spore(-) inocula.
Little insight has been gained into the causes for the differences in productivity between seedlings with the two types of nodules. Possibilities include that sporangial differentiation within the nodule reduces the number or longevity of endophytic vesicles and hence that the rate of nitrogen fixation is lower in spore(+) nodules. Second, the RE of spore(+) nodules may be lower, Third, energy cost for nodule maintenance and nitrogenase activity may be higher per unit nitrogen fixed in spore(+) nodules.
In the current study, C. peregrina seedlings nodulated with a spore(+) inoculum showed only 60% of the nitrogenase activity and 50% ofthe net size ofsimilar seedlings whose nodules lacked sporangial formation, despite comparable nodulation. Thus Comptonia follows a pattern similar to published contrasts between Alnus spp. spore(+) or (-) nodulated seedlings. Young spore(+) and spore(-) nodules in Comptonia initially exhibited no difference in acetylene reduction rates, but differences developed as the nodules developed. This divergence in rates of nitrogenase activity was correlated with the ontogenetic development of sporangia within the nodule.
In light microscopic studies of C. peregrina and M. Gale nodules, early stages of sporangial morphogenesis were observed in host cells containing normal cell constituents and mature vesicle clusters (25) . As sporangium development proceeded, however, both endophytic vesicles and host cell nuclei and cytoplasm rapidly senesced and were degraded. Vesicles are more short lived in spore(+) than in spore(-) nodules, which may account for the differences in acetylene reduction rates observed in the current study. Becking et al. (1) and Suetin et al. (17, 18) have also described host cell and enophytic vesicle death concomitant with the differentiation ofsporangia in A. glutinosa nodules.
In nitrogen-fixing organisms, ATP and electrons available for the reduction of molecular nitrogen may also be utilized by nitrogenase for reducing protons to molecular hydrogen. Schubert and Evans (15) 8.7 , with most values falling in the range of 3.5 to 4.5. When the respiration to nitrogen fixation ratios were examined for spore(+) and (-) nodules of C. peregrina and M. gale, a significant difference between the two nodule types was discovered. For nodules lacking spore production, the ratio was in the range of 5.0 to 7.5; that for spore-producing nodules was in the range of 10.0 to 11.7. The latter value is higher than published estimates of nodule respiratory cost of nitrogen fixation in actinorhizae, except in a seasonal study of M. gale nodules where the ratio was high at the beginning and end ofthe season when nitrogenase activity was quite low (16) . Therefore, it appears that spore(+) nodules expend more host photosynthate per unit ofatmospheric nitrogen fixed than do spore(-) nodules.
The lower effectivity and higher carbon cost/nitrogen gain of the spore(+) nodules studied suggest that sporangial differentiation is an expensive process which confers no obvious advantage on the host. The differentiation of sporangia within the infected host cell may precipitate host cell death and degeneration of endophytic vesicles. These observations, based on a comparison of a small number of strains of Frankia, suggest that sporangia represent a more parasitic stage in the life cycle of the actinomycetous endophyte.
The current study compared a small number of strains of Frankia sp. Further studies are required to substantiate the generality of the observed phenomena. To date, most isolates of Frankia sp. have been spore(-) strains, although spore(+) strains are common in nature in some host species. From our preliminary study, it appears that the sporulating character of Frankia may greatly affect symbiotic productivity. Renewed 
